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A B S T R A C T

We present a V – 1 color-magnitude! diagram for a region 1’ – 2’ the cmter of

M32 based on Hubble Space Telescope WFPC2 images. The broad color-luminosity
distribution of red giants shows that the stellar population comprises stars with a wide
range in nwtallicity.  This distribution cannot be explained by a spread in age. The blue
side of the giant branch rises to Ml N –4.0 and can be fitted with isochrones  having
[l’e/H] = – 1.5, The red side consists of a heavily populated and dominant scqucmcc

that tops out at Ml w -3.2, and extends beyond V --1 == 4. g’his  sequence can be fitted
with isochrones  with –0.2 < [F’c/H] < +-0,1, for ages running from 15 Gyr to 5 Gyr

respectively. We do not find the optically bright asymptotic giant branch  stars seen
in previous ground-based work and argue that the majority of them were artifacts of
crowding. Our results arc consistent with the prcscncc  of the infrared-luminous giants
found in ground-based stuclies, though their  existence cannot bc directly confirlned  by

our data. The tip of the metal-poor portion of the giant  branch occurs at the luminosity
cxpectcd  if M32 is at the same distance as M31 but is too sparsely sampled by this data
set to provide a precise distance estimate. At fainter magnitudes, the rising giant

branch is significantly wider (FWH h~v-l  w 0.6 mag down to Ml N – 1.0) than can he
accounted for by photometric unccrtaintics,  again due to a mctallicity  spread. ‘l’hcrc
is little evidence for an extended or cwcn rcd horizontal branch, but we find a strong
clump on the giant branch itself, as expected for the high metallicities  infmwd  from tllc
giant branch. If the age spread is not extreme, the distribution of metallicities  in M32
is considerably narrower than that of the closccl-box model of chemical evolution, and
also a.ppcars somewhat narrower than that of the solar neighborhood. Overall, the M32
11ST color-magnitude diagraln  is consistent with the average luminosity-weighted age
of 8.5 Gyr  and [Fe/H]= -- 0.25 illfcrrcd from integrated spectral indices, extrapolated to
this  radius and analymd  with tllc sa~ne population ]noclc]s.

Suhl”cct }~cadings.”  galaxies: abundances, galaxies: elliptical and lcnticular,  galaxies:
evolution, galaxies: inclividual:  INGC 221, .galaxics:  ]Jocal  Groul)
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10 lntmduct,ion.

As the nearest example of an elliptical galaxy, h432 serves as an important beachhead in
our campaign to understand the age and mctallicity  mixture of stellar populations in cllil)tical
galaxies. Wllilc N432 may be somewhat unusual given its proximity to M31, spectroscopically it

is identical to other faint cllipticals  (Faber  1972; IIurstein  et al. 1984; Bica, Alloin, & Schmidt
1990; Gonz%lcz 1993; Tra.gcr et al. 1996), A kcy objcctivc  is to obtain deep color-magnitude (CM)

diagrams to test conclusions thus far based solely on integrated colors and spectra] index work. The
}moximity  of M32, combined with the superb resolution aflorded  by the Huh!de Space lklcscopc  Wide
Field/1’lanctary Camera 2 (WFPC2)  permits a remarkable improvement in our ability to study it’s
stellar  content and brings us within rangy of this goal.

]n studying a stellar population, the basic variables wc wish to determine are the mean stellar
4 For old stellar popula-age and mctallicity,  and the distribution functions around these  means .

tions like that in M32, it is difficult to measure both age ancl Z simultaneously frmn integrated

light, as broad-band spectral s}]apc  and metal lines tend to vary together in lock step with both
these variabks  (Worthcy  1994). “J’o break this “age-Z degeneracy”, it is necessary to add another

measured quantity that is specifically sensitive to age. Four such quantities have been suggested for
M32: 1) Bahner  line strength (Burstcin  et al. 1984, Faber  et al. 1992), which is directly sensitive to
turnoff temperature, 2) Sr llA4077/Ik  IA4045 (Rose 1985, 1994), which is sensitive to the ratio of

dwarf to giant light and hence to turnofl  luminosity, 3) ultraviolet surface-brightness fluctuations
at 2500~ (Worthey  1993), again sensitive to turnoff luminosity, and 4 ) (1500-V) color (Wessan,
Clliosi,  & ‘Jkmta]o 1996), which measures agc through its cflkct on the IIunlbcr and luminositim  of

hot post-RGD  stars.

Many integrated light studies have clailncd  to have founcl  evidence for a relatively young,
few-G yr-old stellar population in h432 (e.g. I laum  1959, Faber  1972, 0’Conncll  1980, Burstein
et al. 1984, Rose 1985, Bica, Alloin  & Sclnnidt  1990, IIardy d al. 1994). IIowcwcr,  in retrospect it
is clear that some of these investigations lacked the basic spectral information needed to distinguish
agc and Z, whi]c others lacked sufflcicmt]y  reliable population Inoclcls  to correctly interpret tllc
ilnl)orta~lt  spectra] features,

l{a])id }wogrcss  is being  made on both fronts. Stellar population models, taking both  agc and
Z into account, have been constructed by Worthcy  (1994), lhwsan  et al. (1994), Buzzoni (1995),
and by Tantalo  et al. (1 996). Accurate nmasurelnents  of 11~ (Gonz&s 1993, hcrcaftcr  G93) and
Sr/l~c (Rose 1994) in M32 arc also now available (tl]e latter as a function of radius out to 1 R,).
‘1’1](! uldlot  of this mccnt  work is to confirm t]]c earlier findings of rc]ativc]y young stars,  but t]}e
col)clusion  is now considerably more sccurc.

Nevcr(l]clcss, there are ilnl)orta)lt  assulll])tiolls ill tllesc l)ol)ulatiou ]nodcls that need to bc
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c}mcked  against a real CM diagram. For cxamp]e,  Worthcy’s  models for the age and Z of M32
assume a pure red clump for the horizontal branch, If the 11~ were concnntratcd  at the intcrmcdi-
atc 1“-type temperatures, the need for a young population would bc completely removed (1 lurstcin

et al. 1984). All models also assume  a luminosity function for RGB and AGB stars that crucially
aflccts the predicted red and infrared continua, spectral features, and surface-lwight~wss  fluctua-
tions. Finally, the CM diagram permits mcasurcmcnt  of the spreads about mean properties in a
way that integrated light can never do. l’hcsc  spreads arc as important as the mean  values in
decoding the star-formation history of the galaxy.

This paper uses the new upper CM diagram of M32 from HST to address these and other
fundamental aspects  of the stellar population. The major focus of the paper is on the mctallicity
and its distribution, That is because giant-branch loci arc much more sensitive to Z than age, so
that conclusions about Z are relatively indcpcmdcnt  of the awutncd  age. l’hc  Ix-cadth  of the giant

branch itnplics a wide range in Z, from roughly solar down to below – 1.0 dex. l’aradoxically  though,
tl]c distribution is rather narrow when judged  by its FWHM  and compared to either the closed-box
)nodc] of cnric!llmcnt  or the distribution of nmta]licity  in the solar neighborhood. }<kidcmcc for a
wide giant branch and broad total range in Z was available before from pioneering ground-based
CM diagrams in V and 1 by l’rccdman  (1 989) and l)aviclgc  & Jones (1 992). IIowcvcr, it is clear

that, tllc old data were just the ti~) of t}lc  iccbcrg  - the present data give a much fuller picture of
tl]c upper giant branch, and a correspondingly greater total width in V - 1.

A second focus is comparison with mean population age ancl  Z dcduccd  from ground-based
il]tcgratcd  s~)cctral indices. WC can infer these values for tllc 11S7’ ficlcl  by slight out,warcl  cxt,ral )-
olation  of G93’s data, The resultilig  a.gc-Z pair, 8.5 Gyr and --0.25 dcx, agrees perfectly with the
color of t}lc giant-branch stars in the Ch4 diagram. ~’his indicates a dcgrcc of consistency in the

Wortllcy  models but dots not indcpcndcnt]y  establish tllc age. Ages COUICI be infcrrccl  from very

deep olmrvations  of main sequence turnoff stars, but crowding l)rccludcs this in M32 inside about
3 arcmin,  cwcn with HS7’. Since upper giant-branclj  tracks arc dcgcncratc  in age and Z much like
integrated colors and mctal]ic  lines,  it is not ])ossiblc  to derive! an agc from the upper CM diagram
akmc, Asiclc from verifying the rcd  clump assumption of the Worthcy  models (in itself an important
contribution), the ncw Chfl  diagram has little to say about age.

Nol]ct}lclcss,  tl)c ncw observations rcprcscnt  an enormous gain over previous ground-based
efforts in our ability t,o probe tl]c stellar population of h132.  q’hcy oflcr us another tantalizing
glimpse of how this so very interesting galaxy may have forlncdl ancl point the way for future work.

l]l]agcs  of h432 vmrc taken o]] Octobor  22, 1994, with  WI~l ‘<;2. ‘1’wo fields were inmgcd, O:]C of
h432 (1 ‘OS1 ) a~)cl tl]c other c)f a “backgroullcl’)  ficlcl  (1’0S2) to det,cnninc  tllc colors  and ]Ilap,llit,udcs
of t I]c h431  stars tl)at  IJlakc u]) tllc majority of field stars  at 1 ‘0S1. ‘I’]](I  1 ‘(),S] coordinates w’f:re



chosen so that the nucleus of M32 was roughly centered in WF3.  The Planetary Camera (PC)
image (0!’0455  per pixel) covers a region extending from 1 to 2 arcminutes  almost due south of the
ccntcr  of M32 (SCC Figure  1 == Plate 1). The P(3S2 field  is situated N 5! 6 NI’I of 1’0S1 in an area
originally intended to match the background surface brightness of M31 underlying M32. Four 500s
exposures were taken in each of F555W ( V) and F814 W (1) in each pointing. An additional three

1000s exposures were taken through k’300W,  but wc defer discussion of these data to a later paper.
The coaddccl  F814W image is shown in Figure  2 (Plate 2).

Stellar photometry was carried out using the crowded-field, PSF-fitting  package AI ,LFRAME

(Stetson 1994), the most recent development in the l)AOPHOT  series of photometry packages.

AI,I,FRAME  differs from its predecessors primari]  y in its ability to usc information from many
individual frames simultaneously. ‘llc extra geometric and photometric information available from
multi})lc  frames extends the range of magnitudes and crowding conditions for which useful pho-

tometry is obtainable. AI,LFRAME is applied to the data a..ier object detection and aperture
~dlotometry  arc carried out using l)AOPHOq’  11 (Stetson 1987). The global characteristics of the

CM diag;ram produced using DA OI’HOT  II and AI,LSq’AI{ were essentially identical to those found
using A LLFRAME.  However, the latter produced fewer out licrs and gave a cleaner-looking rcsul t.

‘lb push the star detection limit to M faint a level as possible, wc coaddcd  all images taken
through the same filter. Al J ,FltAM1’; wm tllcn applied to the F555W and 1“814W images simul-

hlJCOUS]y.  While analyzing the coaddcd  images does not make full usc of the information available
in all 8 individual frames, experiments using both methods showed that our completeness fract  icm
was sig)lificalltly  higher  when coadcling  frames prior to object  detection.

Neither POSI nor 1’0S2  had a sufficient number of bright and reasonably isolated stars to allow
proper characterization of the I>SF. g’hc PSF was consequently derived from F555W and F814 W
images of the globular cluster NGC, 6397 observed with 11S?’ approximately two months prior to the
date of the M32 observations. No focus changes were commanded during the intervening period,

and dcsorption  of volatilcs will not ]lavc  sigl]ificant]y  altered  the focus over this time.

Owing to severe crowding, wc ran t hrcc DAO1 ’110’1’1 I detect  ion passes to identify and measure

faint stars and to improve the photometry for the bright  stars. After each pass, wc subtracted all
dctcctccl  stars from the images and reran the finding algorithm to scarcll for any newly-revealed
faint,  stars.  q ‘hrcc such passes yielded a candidate list of roughly 24,000 objects. l’assing this list on
to AI, LFRAME  resulted in the elimination of s 4000 objects, leaving a total of 19,969 mca~ured
stars,  ‘J’hc final CM diagram is approximately one magnitude clcclwr  at the 50% com~~lctcnms level
tlla)) it lMC1  bee]] ,usi]lg a sing]c detection ]Jass.

]dcntical  }wocmlurcs were used to find and measure stars ill tl)c 1’0S2 field, yielding a total
of 4111 stars. ~]m]cr ideal  col)dit,ions,  correcting for hJ31 bacligroulld  stars in the M32 field would
require that, for cacl] star found in 1’0S2, we subtract, froln t llc 1 ‘OS1 saml)lc the star ]nost sil]]ilar
ill color al~d mag~]itudc.  IJowcvcr,  image crowdill~ is clcar]y ]norc iml~ortallt,  for 1 ‘OS1 ~,]la]] 1’0S2,
and l)rol)(:r :iccoulltill~  ]]ccds  to l)c takm] c)f illcir diflt~rill~,  levels  of colnl)lctcllcss. h40rcovcr,  owi]lg
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to a miscalculation, the POS2  field as observed lies about 57” outwards from the M31 isophotc
that passes through 1 ‘0S1. l’he  number  of M31 stars wc scn in 1 ‘0S2 conscqucmtly  undcrcstimatcs

the number  wc would expect  to find iu 1’0S1. I+onl interpolation of b]uc M31 isophotes  plotted by
IIodgc  & Kennicutt  (1982) and by deVaucouleurs  (1$)58) and  from color-index data by Waltcrbos

& Kcmlicutt (1 988), wc estimate the V surfacn brightness gradient of M31 in the vicinity of M32
to bc a~qwoximately 0.0035 n~ag/arcsec. Prom this wc conclude that the stellar surface density
cx~wctcd  at POS1 is 1.2 times that found at POS2,

Completeness tests  were carried out by adding x 500 artificial stars, with colors and magnitudes

sclcctcd  from grid points in the CM diagram, to each of the 1’0S 1 F555W and F814 W images.
The pixel locations of the added stars were randomly chosen and identical between F555W and
F814W frames. The frames were then processed using DAOPIIO’I’  11 and ALI,FItAME in a manner
identical to that applied to the original data. ‘1’he results of tlwse tests  are shown in Figures 3

and 4, which show that the 5070 completeness level for most POSI  stars occurs at 1 = 24.9 and
V w 25.4. Virtually identical tests were carried out for POS2.

“1’l\c M 32 CM diagram was corrected for contaminating h431 stars as follows. For a star at

1’OS2 of magnitude 1 aucl  color V --1,

N= 1.2x CI(I, V- 1)/C2(l,  V- 1)

stars of similar nlagliitude  and color were subtracted from the 1’0S 1 sample, where  01 and C2
clcnotc  complctcncss  fractions computed at l)OS 1 and 1 ‘0S2, rcspcctivcly,  and the factor  1.2 corrects
for the n~isplaccnmnt of POS2. In most cases N is not an integer, and stars were subtracted once,
twice, or not at all as determined by whether a raudomly  generated munbcr  fell above or lmlclw
tllc fractional portion of N. in total, about 3600 stars were subtrackcd  from the 1 ‘0S1 sample  to
account for contamination by M31.

~’hc complctcncss  tests also showec]  that the lCVC1 of crowcling leads to relatively large ~dloto-
mctric  unccrtainticx,  ranging from 3.0,19 mag RMS at 1 ~ 22,0 to 4-0.46 mag RMS at 1 = 25.0.
IIowcvcr, the ullccrtaintics  in V and J are corrclatcd,  and the color uncertainties range  from +0.08
mag l{MS at 1 = 22.0 to +.0.32 mag IIMS at 1 =- 25.0. ‘1’llis is illustrated in Figure 4, where wc have
l~lottcd the colors and magnitudes of artificial stars as retunlcd  by the 1 )AOI’IIOq’/Al,I,l{’IIA Ml<;
proccssil]g SCCIUCI]CC.

3. l)iscl]ssion

3.1, Morphology of the Color-Magnitude l}iagmm

‘J’l)c Ch4 cliagrams fcjr t,l}c: 1’0S1 al]cl 1’0S2 fields arc slIcwIl  i]] l“igurm 5 a]]d 6. lbr stars bluer
tl)till  1~ - 1 z 3 tllc ma~llitudcs  have I)CCII trallsfor]lmcl  frc~lll l’5[)EI\V alId 11’814W tc) Ji)l~l}sc)li-Cc~~lsills
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V and 1 using the coefficients of IIoltzman  et al. (1 995). ‘1’hc V – 1 color terms  determined by

}Ioltzman  et al, are poorly constrained for very rcd stars. g’hey arc approximately zero at V – 1 =
2.5 (the reddest color for which good measurements exist) and wc have consequently adopted zero
color t,crms for all stars with V – I >3.0. q’he magnitudes have also been dercddened  assuming l~;(B-

V) = 0.08 (lJurstein  & Heiles  1982) and ~lsillg the a~sowtions tabulated by Holtzman  et al. (1995)
for stars of K5 spectra] type. An electronic version of the photometry table  is available on request
from CJG  .

q’hc most striking feature in Figure 5 is the obviously composite nature of the CM diagram --
there is a. wide spread in the colors of the giants, Particularly interesting is the strongly enhanced
rcd sequence that bends over at 1 w 21.2, and extends to extremely rcd (V – J > 4) colors.

While Fleedman  (1989) and Davidge  & Jones  (1992) showed that the giant branch covers a wide
raugc  in color, this extended sequence was not visible in either previous work and represents a
sif;nificant  change in the picture of the M32 I{GI 1. g’hc present Ch4 diagram is consistent, however,

with Freedman’s noted incompleteness at faint V magnitudes and hcr corresponding insensitivity
to very red stars. q’his insensitivity is obvious when one consic]ers the effect of a V-magnitude
limit given the morphology apparent in the V vs V – 1 diagram, illustrated in Figure  7. in short,

tl)e new HST mc~surcmcnts  reveal the full extent and morphology of the giant branch for the first
time. Nvcn with HS7’, howt-wcr,  then-c is some il)complctcncss  for very red stars with V -1>3,
For exali~plcj  wc find 14 starlike objects brighter than 1 == 22 that have no visible counterparts at
all in the F555W image. Most of these arc probably extremely red giants with V -1> 4).

IIc]ow about 1 = 22, tl)c giant stars apl)ear  to merge into a rather fat giant branch of more or
ICSS uniform width down almost to the clump. Dascd on the ccmlpletcmess  tests, the width of tlw
giant branch above 1 N 24 is significantly larger  than can bc accounted for by photometric errors
(the color uncertainty at 1 = 23 is 0,125 mag RMS, whcrca~ the observed giant branch width at
this point is 0.253 mag RMS - we return  to this  ~)oint  below). ‘1’hc core-llcliuln burning stars seem
to lx concentrated in a rcd clump, We scc no indications of ]Ut l,yracs  or an cxtcndcd  horizontal ‘
branch, even though the completeness in the region of tllc diagram where they should appear (1
N 24.6, V – 1 N 0.5) is N65’ZO.  q’hc form of the fall-off in the density of stars below 1 == 25 is due
to a combination of complctcncss  effects and photometric uncertainties.

3.2.  Crowding and the 13rightcst  Gian t s

Wc observe a significal]tl  numlmr  of stars to bc briglltcr  t]]an tllc first ascent  I{GI1 tip. g’l]cse
II]ay lW AG11 stars. IIowever, t}]cir luminosities arc significantly fainter  tl)all  tl]c AC]] stars  idcll-
tificd by l’recdlnan  (1989). Assulning  a distance ]nodulus  (n~ - J4)0 : 24.43 (Ajhar  et al. 1996),
wc Cxl)ect  tile til) of tllc giant,  branc]l for older/n]orc metal-})oor l)ol)ulat,ions to occur at 1 w 20,4.
W C fi]]d 23 stars  wit,ll 1< 20.4 i)) 1’0S1 and only one SUCI) star i]] 1 ‘0S2, giving a surface density
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of AGII stars5 of 70 arcmin- 2 . TIIough the absmice of such stars in POS2 argues that these sta,rs

must bc associated with M32, they do not appear to be as strongly concentrated towards the center
of M32 as the integrated light. Freedman finds 91 stars brighter than 1 = 20.4 in her inner field
(a 1.42 arcnli~12 region of her field which ,encompascs  1’0S1 - sec Figure  1), giving a very similar
surface density of 64 arcnlil]-2.

Ilowever, wherca.s our l-band  luminosity function goes essentially to zero at 1 = 19.8, both
Rwcdman  (1 989) and Davidgc & Nieto  (1992) see significant numbers of stars brighter  than 1 == 19.8

extending to 1 w 18. Since Freedman’s inner field overlaps with our own, we can test directly
tile IIypothesis that this apparent inconsistency is due to differences in resolution. We therefore
convolved our PC image with a Gaussian kernel of FWHM= 0!’6 to match lleedman’s  CHFT
resolution, We then integer-binned the data to a scale of O!’18 pix-  ], reasonably close to the 0!’2
pix-l scale at the prime focus of the CFIIT. Finally, we scaled the counts to match the exposure
times usec] by Freedman, adding N 3 “background” counts per pixel m WCI1 as noise to match the
gain and readout noise characteristics of the RCA chip on the CFHT,  ‘J’o characterize the degraded
l’Sl~ in the starldard  way, the same process was a~q~liecl to the NGC 6397 observations, constructing
a 1’S1” from 27 stars still visible in the rcsu]ting  image. Wc applied two passes of the 1IAOPI1O’I’
11 star-detection routine and used A1,LSTAR  to carry out the l’SF-fitting  photometry. The results
yielded 147 stars detected in both the F555W and 1“814W frames in the region of overlap between
the 1 ‘C field of view and that of Elecdman.  Of these, 68 could be matched with the photometry
of Ilecdman,  yielding a mean l-band  magnitude difference of only 0.03 t 0.35 mag, The fact that
wc could lllatC~J  only half the stars in the field we attribute to differing comp]cteness  lCVCIS,  which
depend on rather small differences in the noise properties.

q’l]e resulting CM diagram and luminosity fu~lctio)l  are remarkably similar to those obtained
by Freedman. While the photometry of the original 11S7’ image yields 3 stars brighter than 1 = 20,
slnoothing  the image results in a total of 19 stars measured to be brighter than this magnitude,

Moreover, the mean color measured in the degraded image of the stars brighter than J = 22 becomes
Mucr by 0.5 magnitudes, from V – 1 == 2,3 to V – I = 1.8. ‘i’his strongly suggests that most of the
Mucr bright, giants appearing in the ground-basccl  CM diagrams of this region are in fact blends of
fainter stars,

‘J’lle cxistencc  of the iT~frarcd-l~ll~lillo~ls  AGII stars found by }“rccdman ( 1992) al)d Elstoll  &

Silva (1 992) appears to be compatible with our observations, although we cannot identify thcm
uniquely with V and 1 alone. l’leedman  finds 125 stars with K < 18 in a 100” x 40” field at similar
clistance  from the nucleus a~ our 1{S7’  observations; 85 of tl]csc  K-bright stars are also detcctecl
in J. Given our smaller image area, wc would cxj )CC(  to have N 35 stars  with K < 18 in our 1 ‘C
olmrvatiolls,  wit])  half of these IIavillg  K < 17. Most of I,limc stars nave J - K > I.1, and wc)uld
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thus bc expected to have 1 – K >3.5 if the Milky Way bulge giants of Fro.gel  & Whitforcl (1987)
can IN. used as a guide. We would conclude that most of the K-brigl)t  stars thus have 1 > 20,
~dacing  them comfortably below tllc bright  tip of our l-bane] lulilinosity  function. ‘i’he Froge]  &
Whitford  giants  further SIIOW  little  correlation)  bctwccn  V --1 and 1 – K for 1 – K >3.5, so tlm

K-bright stars could fall anywhere within the broad V - 1 spreacl at the top  of the l-band CM
cliagraln.  In contrast, the brightest and bluest stars in the Frecdmall  sample  might be expected to
fall above the tip of the present l-band luminosity function; howmwr, there arc only 8 stars with
K <17 and J – K <1,1 in the ~’rcedman  sample, giving an expectation of just 2 such stars for
the PC field. The interesting problem posed by the Freedman (1992) and INston & Silva (1992) is
actually that the majority of their K-bright stars have J – K CO1OYS much recldcr  than the Frogcl

& Whitford (1987) bulge sequence, making them presumably extremely red in 1 – K, and perhaps
V ---1. As noted above, there arc 14 stars with 1 < 22 that have no V counterparts - perhaps
these are stars that correspond to a significant fractioll  of the K-bright sample, and for which it
will km very interesting to obtain N] CMOS observations.

3 . 3 .  T h e  Nmctallicity  ])istrilmtion

We argue that the composite nature of the giant,  branc]l in M32 is due to a wide range in
mctallicity,  Gradients in the spectra] ildcx otmrvations  (sect below) im~dy that the (light-weighted)
mean agc of the M32 population increases with radius, so there may WCI1 be a mixture of ages present
in the 1 ‘C ficlcl;  however, a spread in age can account for only a moclest  amount of the s~wead  in
giant properties implied by tile CM diagram morphology, as we )IOW SIIOW. In l“igurc  7, we show
a set of three isochrones  (Wortlmy 1994) with ag;cx 2, 5, and I 5 C.yr. Since tile three tracks can

be made to overlap by making only modest metallicity  changes among them, the age structure is
ilnpossible  to dcducc  from tllc color distribution of tllc giant brancl) alone. ‘1’l]e traclcofl between

a.gc and mctallicity  for any assumed RGI~ track is approximately d log IT I == – 1.7d  log IZI, where
the minus sign indicates that a younger age is counteracted by incrcascd  n~etallicity.6 On the other
hand, since age effects arc less important than Z, the color spread primarily reflects the intri!lsic
lnciallicity  distribution, with ambiguity in age causing only nlinor  uncertainty. q’his is evident  in
l“igurc  7, where wc show liGll tracks for clusters with diverse mctallicitics,  allcl ill Figure 8, wlmre
wc SIJOW theoretical I{GII tracks covcrillg  a wiclc  range  ill botli  lnciallicit,y  ancl age.

W C can’ demonstrate tl]c degree to wllicll mciallicity  must predominate over age cflccts as

follows. At Ik?] = 1.6, the width of the rcd giant branch is lWVHh4(V  --1 ) % 0.6 mag, giving
o(V - 1 ) =. 0.26 msg. ‘1’hc photometric ullcertlaint)y  at this lnagnitudc  is CJ(V — 1 ) = 0.14 mag,
yielding an intrinsic I{G1l wiclth of o (V - 1 ) = 0.22 lnag, or }~lVllhl(V - 1 ) = 0.51 lnag. Now froln
]l’i?)ure 8 wc scc t,l)at, l~W] IM(V - 1 ) for AZ = 1.2 dcx is

6Noi,c tlIat  tlIc l~c},avior  IICIC is CICW t}Ic t h e  I]c})avior  d log j7.

]Ilctal-lillc  stw[IgtlIs (Wortl  Icy 1994. )

s 0.5 lnag, F,ivillg a gradient ill color v it]]

= 1 ‘ 1  .5dlog jXj fm,fld  fm il,lqratcd colors ancl



respect to mctallicity  of 0.42 n~ag/clcx. l+om  the scaling rule above, the age dependence therefore
goes as 0,42 / 1,7 = 0.25 mag/dex, Assuming that the observed width must be the quadrature
sum of both effects, we define

and

AZ z FWHM  in log Z

‘Jlus  we have

[0.42AZ]2 + [0.24A7]2  = 0.512

Setting a maximum allowable age range of log 7 ==1.0 dex (1.5 to 15 Gyr) and solving, we find a

minimum allowable AZ == 1.1 dcx. The  data clearly mandate a large range  in mctallicity  irrespective

of the range in stellar ages which may be present.

The CM diagram implies that the distribution of metallicity  is fairly smooth, but with many
more metal-rich stars than metal-poor ones. This is illustrated in Figure 9, where we compute the
mctallicity  histogram by laying down a mesh of 10 C~yr isochrones  on the CM diagram covering a
wide range  of [Fe/H], and then counting the stars between them brighter than MI == --2.4, where
the uncertainties are fairly small. A small correction for diflcrcnccs in RGII lifetime at differcl  lt
mctalliciticx  was also applied. No correction was applied for V-band incom~ Jctcness  for the reddest
giants, so the highest, mctallicity  bins slightly underestimate the true number of giants by up to
14 stars.  Onc sees that the majority of stars lie along the red side of the RGB,  with a decreasing

tail toward the blue, metal-poor RGI1 loci. ‘1’here are very few stars (< 1 Yo) more metal-poclr
than [Fe/II]= – 1,5, Although some of us initially had a visual impression of bimodality in the

CM diagram, with a slight paucity of stars between the main “blue” and “red” RGEs,  the [Fe/H]

distribution shows no evidence of this. l’hc  illusion probably stems from the fact that RGH color
lmgins  to change rapidly with mctallicity  at about [1’e/H]=-  –0.5 ancl highm. I’hc effect of assuming

a. population age of 15 Gyr is also shown; the histogram shifts on] y slightly to lower mctallicity.

In l’igurc 9 wc compare the distribution of metal abundance found in h132 with closed-box
models of chemical evolution. ‘1’hesc  sinll)le,  o]m-l~aramct,er  lnodcls  arc o n e - z o n e ,  w’itll  lIo gas
infal] or outflow ald mro  metal content  initially, ancl assu)nc illstalltallcous  recyc]ing of hc!avy
elmne]]ts  (e.g. Scar]c & Sargent, 1972). ‘1’he ~)llotomctric u~lccrtainties for t,lle stars considered here
arc relatively small, ancl the mc]de]s l]ave not been smoothed. (.)uite  striking is the fact that, tllc
obscrvccl lnctallicity  distribution is significant ltlly narrower than the closccl-box mocicls  WOUIC1  l)rcclici,,
‘1’llis  region of h432 al)})ears  at first glancw to be Inc)rc lnono)]wtal]ic than even tile solar cylil]dcr.
011 Ll]c Other l)and, if tllc main ridge of stars in tl]c Ch4 diagram is cmn])riscd  of ]x)])ulat,io]]s v.itl)
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a spread ill age, then the youthful stars may move to the next highm [Fe/H] bin, and it is possible
that tllc ma] abundaucc  distribution resembles that of the solar neighborhood more  than it first

ap~)ears in Figure  9. For example, the metal  abundance of the main red component is [Fe/H]== –0.2
if one assumes an age of 15 Gyr,  [Fe/H]= –0.07 for 8 Gyr,  [Fc/11]=  0.01 for 5 Gyr.  Rven so, the
general shape of the distribution remains  more or less constant with age, and tllc result  that there
are very few low nmta]licity  stars is secure.

A similar mctallicity  distribution derived for the 1’0S2 M31 background field is also illustrated

in Fig(lrc 9, renormalized  by a factor of 5.7 so that the total  number of stars is the same as that
for the corrected P(X3I. ltelative  to M32, the population has a peak at similar Z but a higher

tail towards lower metallicities.  The POS2 M31 diagram resembles the solar neighborhood more
closely, with t}le caveat that the age structure is completely unknown. The paucity of metal-poor
stars relative to the closed-box model is also inferred for the nuclei of M31 aud M32 (Worthey,

l)orman, & Jones 1996), so it is probable that this condition exists at most radii in both M32 and
M31.

Worthcy  et al. (1996) argue that the simplest explanation for the lack of low-mass, nletal-
l)oor stars is that< normal processes of chemical enrichment ty~)ically  operate to proclucc  fewer stars

than tile simplest closed-box model predicts. ‘1’hat is, modifications to the sinl~dmt  lnode] (Iikc
variable yield, spatially iuhomogcmeous  cnrichnmnt,  or variable 1 M}” sche]ncs  that result  in fewer
metal poor stars) may be required to mimic chemical enrichment in the real universe. However, it
is also possible that metal-poor stars could be lmcscnt  at larger radii. Large-radius storage of metal
l~oor  stars is a lmxlict,ion  of Inodcls of monolithic galaxy collapse (e.g. ],arson  1975, Matteucci

& I’ornambh 1987, Arimoto & Yoshii 1987) in which the metal poor stars are createcl at large
radius ant] cmrichment  proceeds at smaller and  slnal]cr raclii  uutil lnost of the gas is consumed.
“]’hc al.mndance distribution at a given radius prcdictcd  by tlmsc moclels  is always narrower tl]an
the closed-box model .

‘1’he ~wedicted number of metal-poor stars in the col]apsc  model is computed as a fraction of
total  galaxy ream. in M32, the radius of the 1 ‘0S1 field encloses about 75% of tJIe total light,

1 i4 profile.  Conversion tousing the parameters of Kent (1987) and assuming a deVaucoulcurs  r
mass requires a M/1, ratio as a function of radius. Older ages and higher  mctallicitics  drive M/Ii
u]), so most galaxies arc infcmwd to have a higher A4/1,  in the nuc]cus. Ilowcver, L432 is likely to
be an exception to this general rule owing to the sizcab]c subl)opu]ation  of young stars rmidcmt in
the nucleus (see Section 3.5). Various po~mlation mixtures were n~odclcd  and compared to both
the nuc]cus and the 1’0S1 positions, aud tl)c best-fitting A4/l,IJ  ratios were roughly A4/.T,11  = 3 to
4.5 on a scale where Galactic globulars  l]avc  f14/1.1{  = 2.7 for both  1432 locatio)ls dcl)endin.g  on
{Jl)c  agc-lnctal]icity  lnix(lurc, ‘1’l~c  alnoullt  of ~nass  c])closcd  w’itl]ill il)c radius of 1 ‘0S1 (w’llicl)  wc
llavc  tdiC!]] to be

light.

111 tllc Cl[)so

5°/0) is consequently about 1 O% lnorc ullcmtaill  tllall our [’s( ilnatc  of tllc cllclmwl

- b o x  ]nodel, about, 10% of  tl)c stars  ill M32 sl]ol]]d I)c more ]J]ctal-I)oor  tllal]
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[K’c/11]== -l assuming an approxin~atcly  solar yield (the pcrccnta.gc would bc higher  if the yield is
lCSS than solar). Thus, if we stipulate a largely circular orbit  distribution for nmtal-~)oor  stars to
account for the lack of such stars in our sample, there would still appear to be sufficient room to
store them in the outer N 25% of the galaxy at R > 2!. 11S7’ observations arc schcclulcd  for a field
in the outskirts of M32 that encloses about 92°~0 of the light. If these observations uncover co] )ious
stars of [1’e/H] == – 2.5 to — 1.5, this would strongly support, all outside-in dissipat  ional origin  for

M32. lf the observations find few such stars, then either they did not form in large numbers, as
Worthey  et al. suggest, or they were tidally stripped by C1OSC passages with M31, a possibility not
without supporting evidence (Faber 1973; Nieto & ]’rugnicl 1987).

3.4. Clump Morphology

‘1’urning  back to the CM diagram, the morphology of the core-helium burning stars in M32
is a ‘(clump “ instead of a ‘(blue,” ‘icxtcndcd  ,“ or “red” ]lorizontal branch as commonly seen in

Galactic (and M31 ) globular clusters with mctallicity  less than around -0.7. ~’his confirms tbc
conclusion of Rose (1994) that a clump, rather than rcd horizontal branch stars, must dominate
tllc core-helium burning stars to produce the observed spectral lillc indices and broad-bancl  colors.

A ‘tclum})” morphology is exl)cctcd  for metal-rich populations, so the fact that the M32 clump is
strong is consistent with the giant branch color distribution.

‘J’hc extent to which the core-helium stars lie cxc]usivcly  within the clump can set upper
]ilnits on the ages of stars with n~ctallicities  bctwcwn [Fc/11]=  --0.8 and --1.5. Su~mficially, the
CM diagram is consistent with a pure-clump population. If all core-helium burning stars arc in

tllc Clulnp, then the metal-poor stars ill h432 must  bc youllgcr than w1O Gyr, as populations this
young or younger arc neither observed (Strykcr,  1 la Costa, & h40uld 1985) IIor prcdictcd  (e.g. Lee,
Dcmarcym, &. Zinn 1994) to have RR l,yrac stars or stars intermediate in tc~npcraturc  bctwccn  the
instability strip and the clump, l’his  picture is contrasted against, onc in which most of the stars
in M32 arc very old. III that case the more metal-poor tom] joncnts  should display bluer horizontal
brancl]cs  like the “reel” onc of 47 q’uc or the ‘(cxtcmdcd” onc of h43 (a theoretical a~q}roximation  of
which is shown in Figure 7).

Unfortunately, there arc so fcw stars wit]l  [Fe/II]< -0,7, and the photometric errors arc so
large at tllc base of the CM diagram, that it is not ])ossiMc  to detect or rule out blue borizolital
branch stars unambiguously. Using k’igurc  9 a$ a F;uidc,  ant{ assuming a ] 5 ~yr population, there
arc 128 stars more metal-poor than [}1’e/11]=-  - 0.7 (out of 842 total). ‘1’hc ratio of tllc numbers
of bright giants  corrcsl)onding  to the }“iF;urc 9 cutofl  to tllc number of horizontal Lrallcll  stars in

citllcr M3 or 47 ‘1’uc is al)out  0.5, so wc would exlx:ct over 200 lncial  })oor  lmrizolltal lwancl] stars
to bc prmcnt  uncler  the all-15-Gyr l]yl)othcsis. ‘1 b test  w] ictl)er  wc scc these stars or nc)t, false stars
Wc)rc  adc]cd  to tl]c obscrvc!d CM diagraln  ill cit]]cr a  4’7-’]’uc  lmrjdlo]ogy  or a l l  M3 IIIOl”])l IO] O[\}’,

will] rando]  n errors  al)] )roxilnat,ely as 01 )scrvcd. ‘1’llc cm]clusiml  froll) this  exercise is that, several
llu]]drcd  47-’Ihc-likc 1111 stars  could exist ill tl]c {X4 di:i~,ralll, il)l’isil)lc  ill tl]c lwoad CI]I’C1OI)C  of tlic
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more nunmqus  true clump stars. Bluer  M3-like  HEI stars could also exist, but probably less than
200 of t}mm,  In shorl,  the present CM diagram cannot strongly constrain the upper age limits of
the most metal-poor stars in M32.

3.5. Agc information from ]nt,cgrated  Light

Although the present CM diagram yields a clear picture. of the mctallicity  distribution in M32, it
dots less well regarding age, especially any younger components that might be present. Integrated
colors provide some infcn-mation on age if the metallicity  distribution is approximately known,

but the answer is intrinsically slippery because of model-to-model differences in the prediction of
colors, which translate into a 35% scatter in age estimates (Char]ot,  Worthcy,  & Ihwssan 1996).

The intrinsic power of the isochrones to delimit age is also not that much higher than integrated
colors: A log Z = –1 .7A log ~ (SCC above) vs. A log Z == –1 ,5A log ~ (Worthey 1994). In addition,
with integrated indices (including colors), wc are presently limited to deriving an average age rather
than a star formation history.

Wc)rthey  (1994) has demonstrated that, to break the age-Z degeneracy, it is ncccssary  to add
information beyond colors and metal  lines, for example, Bahncr  line strength. Using this approach,
we will first attempt to derive an age under tllc simplifying assumption that the population is

characterized by a.single age. G93 took long-slit spectra to obtain lino-strength indices on the l,ick
system, which can be directly compared to tllc Worthcy  (1994) model predictions. over the 1’0S1
1 ‘C field of view, the G93 gradients (cxtrapo]atcd  from 45”) were averaged, weighted by amount of
light:

where  < 1 > is the average index, ilr is the r-band surface brig}ltness as a function of position
from Kent (1 987), and A is the area over which the averaging was performed. Given the shallow

color grad icmts in M32, r-band  will adequately mimic V, where the indices are measured. ‘Ike
li.gilt-weighted mean radius of the I’C field is 1.8 1{ ~, and  G93 Ho == 1 .92 ,  Mg b =-2.99, a n d
< Fc >== 2.42. The Worthey (1994) models predict that I]@ relative to the combined index [Mgl~c]
L (Mg b x < Fe >)112 can give a simultaneous estimate for a mean age and a mean mciallicity,  in
this case 8.5 Gyr  and [1’c/11]== –0.25 for R == 1.8RC,

‘.l’his is noteworthy bccausc  if 8-GyJ isochroncs arc laid down on tl]c 1’0S1 CM diagram and
a lnctallicity  distributicnl  co]n])utcxl  as ill l“igure  9, tllc mean lnctal]icity  of tllc stars is [1’’c/ll]=

- 0,25, clcvnonstrating (at least) intcrna]  nlodc] cohcrcncc  because of the close agrcnmcnt  in mean
Illct)allicity  est imates frmn star counts  on the one IIalld  and lillc  strmlgtlls  o]l tllc otl]er, \Vitllin
]IIodel errors, which call  bc substantial (Cliar]ot,  WortlIcy, & 1 ]rmsa]]  199G), t}]c colors of t llc M32
1 ‘OS1 field arc Consisi,m]t  wit]]  this co]}clllsio]).
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“1’oward the nuc]cus of M32 the metallic indices of G93 get slightly strongm.  IIowcvcr, 11@

increams  in strength fairly dramatically y (confirmed by Hardy ct al, 1994). Differentially within the
models, the only way I]@ and metallic indices can incrcasc  ill strength is if the mean population is
simultaneously younger and more metal rich. q’llc  C;93 indices at the nucleus indicate a mean agc
of N4 Gyr, and mctallicity  just less than solar. To within tllc unccrtaintics,  the ~wedicted  CO1OT at

the nucleus is the same as that at 1.8 Iic, despite a factor  of two difkrcnce  in prcdictcd  agc because
the age effect is balanced by an average abundance! cnhanccnmnt.

Although age is the simplest explanation for the observed Ho gradient and the flat metallic

feature strength and color gradients, two other alternatives should be considered: large numbers of
either blue straggler stars or blue IIB stars, if concentrated toward the center, could increase HP

strcngtJl  as observed. However, both of these alternatives would make for Mucr colors and weaker
metallic features toward the center. Lacking a plausib]c  mechanism to counter these effects, onc
would still require an agc or rnetallicity  gradient in M32. 1 n the case of blue H H stars or young
A-type main sequence stars, significant numbers of them appear to be ruled out in M32’s nucleus
by the Ca 11 index (Rose 1994; Worthey,  Dorman, & Jones  1996).  Moreover, in contrast to M32,
otlmr elliptical galaxies .gcncra]ly  SI1OW  strongly increasing metal  line strengths, reddening  colors,
and weakening HP toward the center. If blue stragglers or Muc IIH stars are rcspousil.dc  for M32’s
high central HP, the problem bccomcs  onc of trying to explain why M32 behaves differently than
the rest  of the universe.

1 )cspit,c  these favorable checks, there remains little detailed information on the agc structure
ill M32 bccausc  all the details arc avcragccl  into onc or two indicators. l)ropping  the assumption
of a single agc for the 1 ‘0S1 field, wc constructed limitccl  two-a.gc models to try to quantify the

uncertainty. The models begin with a~l assumccl  base age. 1 lascd on this age, a mctallicity  histogram
is compiled from the Ch4 diagram data, ‘J’hcn different agc/mctallicity  components arc substituted
for the most populous bin in various })roportions, and the results arc conl~ )arcd with G93 indices.
7 ‘hc constructed models arc at all times consistent with the CM diagram for bright giants.

!l’hc (merely  illustrative, not definitive) result for a base age of 15 Gyr is that about 7%
(by total  mass) of a 2-Gyr l,opulation  is nccdcd  to matcl]  the G93 indices. lntcrcstingly,  this is
consistent with the results of a near-infrared survey by Silva & l)othuu  (1 996) of cllipticals  with
strong nuclear HP and Muc ccntra]  colors. For a base age of 10 G yr, 5% of a 5-Gyr polmlatio]l
would SUKICC.  For a base agc of 8 Gyr,  the best matcl] is obtained if thcvc is 25% to 30’%0 of an old,
15 Gyr population present. ‘.l’hc  way these ~Jopulations  Lalancc,  it is clear that over half of the stars
at tk l>OS1 radius must  k older than 6’ Gyr. All of tl)csc models match the data as W C]] as the
single-age 8.5 Gyr model. ‘1’l]c conclusion is that tl]crc arc many ways of balancing s~ll.)collll)ollcllts
so tl]at  tl)e see-saw’ lands at a mean agc of 8.5. ‘1’llis sort of modeling, wllicll  takes ill(o  account,
Ch4 diagraln  illforn:ation  as well as ilkcgratcd  liF,llt  illdiccs,  is ill its illfallcy.
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3 .6 .  The  Tip  o f  the Red Giant I“]ranch

g’hc tip  of the red giant branc]] (1’1W13)  in mcta]-poor  populations cau be used as a distmm

inc]icator.  Old, metal-poor giant stars have peak  absolute J-band  magnitudes of Ml N -4 msg. 1 la
Costa & Armandrofl  (1990) calibrated the magnit  udc of the 1’IK31J  for the range  of mckal]icitics

(--2.2 <[Fe/11]< -0.7) defined by Galactic globular  c]ustcrs. With this calibration, Lcw, Fmcclman
& Mad ore (1993) compared g’RGll  distances to 10 nearby galaxies to those from Ccq)hcids at~cl/or
RIL Lyme stars; they found excellent corrcspondcncc  at a level  of 3-10% ItMS.  Subsequent studies

(e.g., Sakai, Madorc,  & Freedman 1996a,b) confirm the exccllcnt agreement between the C@cid
distances and the TRGB distances for metal-poor giants. A key ~mopcrty  of tllc TI{GI1 distance
indicator is that MI varies by less than ~ 0.1 ~nag for [Fe/}1]<  --0.7.

Use of the TRG13  distance indicator for M32 is problematic, given the high average mctallicity
of its population. To date, no empirical calibration for the TRGB  exists for populations with
mctallicities  higher  than defined by the Galactic globular clusters. IWscd on the models of Worthey

(1 994), the expected behavior of the TRGIl for mom metal-rich systems is shown in Figure 10. l,ec,
Freedman & Madorc  (1993) conclude that the method could be a~qdied to systems as long as i he
galaxies show an appreciable population oj low-mass, resolved red giant  h’WC}L stars w i th  [](’c/l]]

<-0.7 dcx. Figures  5, 10, and 11 underscore t})c importance of obtaining color informatioli  before
blindly applying the TRG13 method. ‘1’he redder, Inctal-rich  giants in M32 arc almost a magnitude
fainter than the bluer, metal-poor giants, and an uncritical application of this method to the mctal-
ricll  component could lead to a serious systematic error. ‘J ‘he q ‘RGI~ method  works by passing an
cd.gc-detecting or “Sobcl” filter over the l-band  luminosity function t}lai,  gcmerai,m  a strong  sigl~al

at locations where  the luminosity funciion  has sharp  discontinuitics As can be sewn ill Figure  11,

tl)c M32 luminosity function over all mctallicities  lacks a well-defined edge. Selecting just the metal
l)oor stars  (tbosc with V – J < 1.8 mag) dots proclucc  a luminosity function with a sharper cclgc,

but unfortunately in this case, there arc too few such stars in the I’C fielcl  to define the metal-pclor
‘J’I{G}) accurately. Application of the edge detector to just the metal-poor giants yields a ‘J’I{GI1
magnitude of ml u 20.75, or MI ~ --3.7 msg. ‘J’llis  value has a large uncertainty, howcnwr, ant]

its diflcrencc from the expected  M] = - 4.0 (for the assumed distallcc  moclulus  of 24.43) is IIot
sigllificalk.

3.7. Luminosi ty Function

‘J’hc l-bane] luminosity function (1 J?) wc derive for h~32 is SIIOW]) ill l{’igurc  11, along with
tlleorctica]  l,]+ for selected a~,c/]llctallic  itj’  ])airs. ‘J’]](I  ]Imclc] 1,1+ wcw gclm’ated  usil]g, a I)UN
cluIII]),  as o])lxmxl  to a red or blue llorizollial Imalwl]. ‘J’l]e ]I]isl]latcl]  I)ctwcc]l t]){! clata al]d t,llc
]IIodcl l,h’s i]] tllc CIUII1]) rcgiol) is likely  duc t o a CO]]ll  )i]]atio])  of (i) ill-clct[’r]]li]lccl  co]n])l(:tc]]css
corrcctimls  at very fai]lt  ]nag]]ituclcsl  (ii) tljc asy]l]]]]ckric  llaturc  of {,1 Ic ])llotolnctric  ul]ccrtaillties
i]] tl]is region, v’l]ic]l w IJave cl)ar~ctcrize(l a s  Gal]ssia]l  f o r  Silll])licity,  (iii)  ullccrtail]tics  ill III(’
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theoretically predicted clump luminosities, and (itJ) the possibility that severe crowding is causing
us to overestimate the luminosities of very faint stars in a manner analogous to that described in
Section 3.2. Of the four model 1,1% shown, the 8 Gyr/[lk/11]=  –0.07 model is the best match

to the observed discontinuity and bump in the region 20.5 < 1 < 22.0. 1 Iowever,  the differences
among the models are suflciently  small in this region that a small change in the assumed distal  Icc
to M32 could easily negate tl~is disti!lc.tion.

q’here are fairly substantial discontinuitics  in the LF at 1 = 20.5 and 1 N 21. The latter (which

is the mom significant) is clearly a consequence of the young/nletal  rich giant branch, which is
esscntiall y horizontal in Figure 5 at this magnitude. Assuming (m – M). == 24.43, the discontinuity
at 1 w 20.5 is very close to that expected for old/metal poor stars. ]ndecd,  if we generate a LF using

only metal-poor stars bluer than V --1 = 1.8 (dashed histogram), the discontinuity is considerably
cnhanccd.  This is the tip of the giant branch used in the TRG B distance method. The cut again

illustrates the importance of ensuring that the sample is not contaminated by stars more metal
rich tl]an [Fe/H]% –0.7 when applying the TRGB  method. As we noted in the previous section,
tllc Sobcl filter actually locates the edge of the metal-poor TI{GII at a slightly fainter luminosity,
but with little significance.

g’o improve our sampling of the bright cnd of the luminosity function, we also ana]yzcd  the
less-crowded half of chip WF4. Using a reduction procedure essentially identical to that used for
the 1’C, this yielded another 20,000 stars (this field is slightly further from the ccntcr  of M32). With
allowances for the greater degree of undcrsampling  and diflering levels of completeness, the mor-
}Jhology  of the CM diagram and the luminosity function obtained ill tllc WF4 field are completely
consistent with the results from the 1 ‘C.

4. Summary

WC have analyzed WIWC2  images of M32
wc conclude the following:

and &mC]USiOllS

ILased on Al,1 ,FltAME crowded-fkld photometry

branch stars requires a substantial range of nM,al-. The observed spread in color among giant
licity.  Allowing for a large range  ill ~)opulatioll  age will IIavc only a slight cflcct on tllc range
of mctallicity  inferred.

● ‘J’lic mctallicity  distribution is slnootll and strongly skmved  towards metal  rich stars. ‘J1hc
peak of the mctallicity  histogram occurs at - 0.2 <[lpc/ll]< -10.05 for assumed mean a,gcs
in the range 15 Gyr to 5 Gyr for tllc stellar lm~)ulatioll. A low mctallicity  tail extends to
[lk!/11]% -1.5.

● ‘J’llc raw mctallicity  dist,ributio]l alqxars so]l]mvllat  ]]arrower il]a]l  that of tl)c solar cyli]ldcr,

altlmugh  if there arc stronp, age adnlixt  urcs tllc M32 distril)utiml  lnig]]i  rww]il)lc tl)e local
0] N ]norc closely. 1]] al IY case, llIe 1432 distril)utio]l  is I]luc1]  l]arrower tlm) tlw c l o s e d - l m
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●
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model of chemical evolution. It remains an open question whether the missing metal-poor
stars are absent entirc]y from M32 or whether they are stored at large radii.

The M31 abundance distribution in the outer clisk sampled by P0S2 rcscmldcs the solar
neighborhood if the stars there arc mostly older t}lan a fcw Gyr.

g’hc width of the giant branch remains  significant at magnitudes well below tl]e tip, also
supporting the conclusion that the ~)opulation  has a large dispersion in mctallicity.

‘1’here is a strongly enhancccl red clump at the bottom of the giant branch, consistent with
RCEW’S  (1994) analysis based on broad-band colors and spectral indices, as WC1l as the n~etal-
licity distributio~?  implied by the giant branch  morphology. At the same time, wc cannot rule

out a small minority population of extended-red or even blue horizontal branch stars,  which
would be expected to be present if the most metal-poor stars in M32 are older than 10 Gyr.

Wc do not sec the very luminous blue AGD stars found in previous ground-based invmti-
gations.  Experiments reveal that really of these stars are artifacts of image crowding. in
contrast, a small population of the K-bright AGII candidates identified by Ikecdman  (1 992)
and Elston  & Silva (1 992) may bc ~nxxent  in our sample but cannot bc identified by their
corresponding 1 and V luminosities alone.

Whereas  the metal poor giant branc]l  cxtcncls  to 1s --4.0, the metal  rich population rcaclms
only to 1 = -- 3.2, This undmscorcs  tile importance of obtaining color information and selecting
only stars with [Fe/}1]  < –-0.7 before applying the q’llGl 1 method to the determination of
distanms.

‘1’hc M32 CM diagram is consistent with the integrated line indices of Go~lz61cz (1 993),
modestly extrapolated to the same radius. Interprctmd  with Worthcy  (1 994) models, the
indices give a mean agc of 8 to 9 G yr and a mean abundance of — 0.25 dex. If 8-G yr isochroncs
are overlaid on the CM diagram, the mean stc:llar abundance from counting stars  as a function
of color is also -0.25 dcx.

The Gonz41cz  indices indicate a strong radial gradicmt in the mean stellar po~m]ation  with
radius, the nucleus being nmcl] younger and somewhat more mckal rich than the outer  ~)arts
studied here. ‘1’his is because tllc metallic indices arc nearly  flat but slightly increasing toward
the ccntcr  and the broad-band colors nearly  constant, whcrcm  1 Ij3 increases strongly inwards.

‘1’wo-age  Inodcls arc consistent with both tile CM clia?,ram ancl  tlm Gonzilez  (1 993) indices,
showilg  that there arc many ways to lnix ages and  lnctallicities  to match tllc observatiolw.

1 k:}mldil)g  on tl]c agc of tllc bulk of t]]c sl,ars, ]nodcst  sl]l.)l)()])l]latio]ls  of youtllfu]  stars arc
allowed. IIowever at least half  the stars musf be older tlmn 8 Gyr. We arc lm]wful that future
work will allow us to better col]straill tile o])tio]]s.
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Fig. 1--- Digitized Sky Survey image of the flcld containing M32. The outlines indicate the WFP(;2
1’0S1 and 1’0S2 fields and the Canada-Elance-Ha waii telcscopc  CCL) frame  examined by Ilecdman
(1989). The field shown in Figure 2 is indicated by the heavy white line. The entire field shown
hmc subtends 15’ on a side.

Fig. 2.- I,ogarithmic  stretch of the F814 W 1 ‘C frame. ‘J’he upper-right corner of the field is 56
arcseconds  from the center of M32,

Fig. 3--- Completeness fraction as a function of 1 and V magnitudes sampled at 4 different colors.
l“illcd symbols and solid lines correspond to the 1’0S1 field, while open symbols and dotted lines

derive from completeness tests in POS2.

Pig. 4.- Colors and magnitudes of ar~ificial  stars returned  in the course of completeness tests.

The open circles indicate the grid of input colors and magnitudes, and the points show the colors
and magnitudes returned after processing by DAOPHO’I’/AI,LFRAME

Fig. 5.–- A1,T,FRAME color-magnitude distribution of stars in the POSI (M32) field, corrected for
background contamination using the color-magnitude distribution found in the POS2 field. The
magnitudes and colors shown have been transformed to V and 1 using a slightly altered  transfor-
mation (zero color terms for the very reddest stars) from that given by IIoltznlan  et al. (1995).

Fig. 6.- ALLFRAME  color-magnitude distribution of stars in the POS2 (background) field.

Fig. 7.- The corrcctcd  color-magnitude diagram of stars in h432 as in Figure 5. Approximate
V-band cutoffs arc shown for these 11S2’ data (at V N 26.0) and for the Rwcdman  (1989) data
(at V = 23,2). Giant branch fiducials from l)a Costa & Armandroff (1 990) arc shown for C;alactic
globular clusters M15 ([Fe/II]= –2.2), NGC 6752 ([Fe/II]=  --1.5), and 47 ‘WC ([Fe/II]N –0.8).
Also shown is the giant branch of tllc old open cluster NGC 6791 ([F’e/H]N  +0.2, agwx8 G yr

from Garnavich  ct al. (1994)). The reddest point on this fiducial rcprcscnts  the reddest giant
in tllc cluster, but it may not correspond to the helium flash point bccausc  the RG13 is sparsely
po~mlatcd. Three  Worthey  (1994) isochroncs arc sulmrilnl)oscd  to illustrate the dcgenmacy  of age
a~d ]Ilctallicity in I{GI1 color. q’hc solid li)lc is (age, [Fe/11])=: (15, – 0.30), dotted  (5, –0.06), dadled
(2, +-0,15). l’hc  prcdictcd  location of a metal-poor cxtcmdcd  horizontal branch is shown. lhc line
at A41 = --2,4 is the cut above which stars were counted for tllc histograms of Fig. 9. ?’hc error
bars arc from ar~ificial  star tests  and  refer oldy to color V - 1 = 1.34.

h’ig. 8.- Worthcy  (I 994) isochroncs arc  SIIOWII 011 tl]c 1 ‘0S1 data for [}~e/11]  Lctwccn - 1.2 and 0.0
ill ().2-dex stelm. More metal-ric]) isocl~rollm  arc rcddm. 1 socllrc)nm aged 8 Gyr arc shown as dot,tcd
liljcs;  isochroncs aged 15 Gyr arc sl]owIJ as solid lines. ‘J’l]c lly})otllctical  locations of lne(al poor,
extel)ded  llorixonta]  brallcl)cs arc sl]own for bet]] ages, the youllgcr ol]e IIcarly ().2 IIlag brighter .
‘1’wo CXZIIII])lCS  of now bri,gllt,  AGI] stars arc predicted to lie ill t,llis diagram arc sl]own extending
I)cyo]ld  tl]c 15-Gyr I{G11 isocl]rolles  of [1+’c/ll]z - ().6 al](l 0,4. ‘J’IIc  errors arc for color 1~ 1 = 1.34
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as in Figure 7,

Fig. 9.- Counts  of M32 stars caught bctwccn  10 G yr isochro]ms  of 1 diffcmmt  ahmdancc.  Stars
Lrigllter than i141  == - 2.4 have slnal]  cnoug]]  errors  and the color change with abundance is large
cnoug]l  to make this a reliable method  of estimating the abundance distribution of stars in M32.
‘-1’hc  raw counts  bctwecll isochroncs spacecl  at 0,2 dcx intcrva]s is shown as the coarse histogram

with  tllc heavy lillc.  A small correction to colnpcnsatc  for the expcctcd  variable number of giants

as a function of mctallicity  was incorporated. The light-line histogram assumes 15 Gyr  isochrones
ra.thcr tllall 10 Gyr isoc}lrollcs, l)hc  dashed-]inc histogram S}IOWS the distribution for 1’0S2 and 10
C:yr isoclmoncs, and the counts have been multiplied by 5.7 to normalize the total number of counts

tO bC same M for 1’0S1. For comparison, two closed-box models of yield }og[Zyield  /ZO] = –0.5
ald -0.2 are show~]. The M32 distribution is much narrower than the closed-box models. 7’WO
derivations of the abundance distribution in the solar cylinder arc also shown (Rana 1991, Pagcl
1989). The M32 histogram S11OWII  is even more narrow than the solar cylinder distribution, but
if M32 contains many stars which arc substantially younger than 10 G yr, they will have higher
abundance, and should bc plotted (at most) onc bin to the right.  The true abundance distribution
]nay thcmfore  rcscmblc that of the solar neighborhood cluitc  closely, except for near [Fc/11] = – 0.5,
where M32 definitely has fewer stars than the solar ncighborl]c)od. ‘J’hc M32 sample  of stars is 7
times lar~;cr than the sample used for the solar neighborhood studies.

l“ig. 10.- Absolute ~-magllitudc  of tllc ti~) of the red giant branch as a function of metallicity,  from
tl]c models of Worthcy  (1994),

Fig. 11,- l~ackground-corrcctcd  ]-band  luminosity function of the 1’0S1 field before (solid his-
togra~n)  and after (filled circles) al)~)]ying complctalcss  corrections. The  error  bars reflect counting
statistics only. The theoretical luminosity functions arc shown after convolution with the estimated
l)}loto~nctric  uncertainties and application of t,}Ic complctcncss  function. 2 ‘hc 15 G yr models arc
showl] as sol id  curves W])ile  tllc 8 C,yr models  arc SIIOWII as dotted  CUIWCS. !J’hc modc]s have been
normalized using the number of stars found with 22,25 < 1 < 22.5. ‘J1hc dashed histogram shows
the cflkct of counting only those stars with V - 1<1.8.
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